A utomated objective refraction (AOR) instruments have been available for more than 25 years. The early devices such as the Bausch & Lomb Ophthalmetron 1 were crude and slow compared with the rapid instruments of today. Early machines showed good agreement with retinoscopy and subjective refraction for spherical ametropia, but did not have the same performance for astigmatism. 2 Pappas et al. 1 determined, in a study of 56 patients, the AOR measurements were as close to the final subjective prescription as were the previous pair of glasses. They suggested the AOR findings could be used as a starting point for refraction. Gradually, AOR instruments became more repeatable and were shown to have the same repeatability as conventional refractive techniques when tested on 376 eyes. 3 By 1984, the Humphrey automatic refractor produced results that were within 0.50 D of a doctor's refraction for sphere and within 0.37 D for cylinder 100% of the time. 4 Recent AOR instruments incorporate such features as fogging techniques to relax accommodation, concurrent measurement of corneal curvature, and targets for visual acuity and glare testing. These and other advancements in technology have helped improve the accuracy and repeatability of auto-refractors.
Most importantly, AOR instruments have been shown to provide clinically valid and repeatable measurements. 5, 6 In most instances, the repeatability of AOR measurements is equal or superior to traditional retinoscopy or subjective refraction. 7, 8 AOR measurements are even as valid as a doctor's subjective refraction. 9 These previous studies, [5] [6] [7] [8] [9] however, assume that the doctor refraction is the correct refraction. Another approach toward determining the validity of the AOR is to use patient satisfaction as the final arbiter of performance. Bullimore et al. 10 had patients wear a pair of glasses based on a doctor's refraction and a pair based on an AOR for 3 weeks each. They found subjects preferred the glasses made from the doctor's refraction more often than the glasses made from the automated refractions by a 2-to-1 ratio. This finding, along with a literature review by Goss and Grosvenor, 5 suggests that although AORs are as repeatable as doctors' refractions, they should not be the sole basis on which a final prescription is determined.
Clearly, AOR has gained acceptance into ophthalmic practice in the United States. In many practices, the current AOR instruments provide the starting point for the subjective examination and are refined by the clinician before the final prescription is issued.
Recent advances in technology have enabled development of an instrument to perform automated subjective refraction (ASR). The BV-1000 refraction system by Topcon (Paramus, NJ) has the ability to perform an AOR on both eyes and also a voice-guided ASR including a binocular balance.
The objectives of this study were to assess the repeatability of the BV-1000's subjective refraction compared to a doctor-performed subjective refraction, to determine the validity of the BV-1000 measurements in comparison with a doctor's subjective refraction, and to compare the validity of the BV-1000 and doctor subjective refractions by comparing visual acuity measurements obtained with both refractions.
METHODS
Subjects were recruited to meet the following criteria: no known ocular disease, age between 17 and 60 years, no current contact lens wear, no training in refractive techniques, corrected acuity of 20/30 or better in each eye, and no systemic diseases affecting refractive error, such as diabetes. Sixty subjects (mean age, 33 Ϯ 11 years) were enrolled in the study. The Ohio State University Office of Responsible Research Practices approved the testing protocol, and written informed consent was obtained from all subjects before testing. Data were collected on two separate visits. At each visit, an AOR, an ASR, and a doctor's subjective refraction (DR) were determined. The DR was performed by one of two licensed optometrists. Seventeen subjects were refracted by doctor A (Dr. A) on both visits; 20 were refracted by doctor B (Dr. B) on both visits; and 23 were refracted by different doctors (Dr. Mix) at the two visits.
The Topcon BV-1000 consists of dual automated objective infrared refractors, with auto tracking of eye position, and a mirror chart projection system. This is integrated with a computerized vision tester and appropriate software, and housed within a tablemounted instrument. The ASR procedure includes presenting the patient with a series of computer voice-guided forced-choice questions regarding visual stimuli. Patients respond by tilting a joystick in the appropriate direction. Targets used for various tests include Landolt rings, duochrome targets, and various circular dot patterns. More complete operational details have been previously published.
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The AOR and ASR measurements were all made by one of the authors (PS) with the Topcon BV-1000. At each visit, the AOR measurements were performed first. The testing order of ASR and DR alternated across subjects and between first and second visits. The optometrist was provided with the AOR findings to serve as the starting point for their refraction using a Phoroptor. The optometrists were masked to the ASR findings and to any previous refractive findings. The optometrists' procedures included monocular sphere checks, Jackson cross cylinder test, and binocular blur balance.
Using spherical and cylindrical trial lenses in a trial frame, right and left eye monocular visual acuity was measured at each visit for the ASR and DR findings with Bailey-Lovie logarithm of the minimum angle of resolution (logMAR) visual acuity charts. 12 The right eye was measured first, but the order of testing was alternated between instrument and doctor. Chart memorization effects were minimized by using two different Bailey-Lovie charts and by testing first at 32 feet and then at 20 feet. By using this approach, the set of letters at the limits of the eye's visual acuity were different for each of the four measurements. Subjects were encouraged to guess until an entire row of 5 letters was missed. Credit was given for each letter successfully identified and the total number of letters read was recorded. Visual acuity scores were recorded on the Visual Acuity Rating (VAR) scale. One point is given for every letter successfully identified. A VAR of 100 corresponds to a visual acuity of 20/20, and a VAR of 95 corresponds to 20/25. VAR is directly related to logMAR scores by the equation: VAR ϭ 100 Ϫ (50 ϫ logMAR).
Data Analysis
Right eye and left eye findings were analyzed separately. The monocular sphere, cylinder, and axis findings from the balanced refractions were converted to power vector values 13 (spherical equivalent, J 0 , and J 45 ) for analysis. Repeatability was assessed using the methods advocated by Bland and Altman. 14 The difference between measurements from the two experimental sessions was calculated for each subject and power vector value. Then the distribution of these differences was described by calculating the mean, the standard deviation (SD), and the 95% limits of agreement (LoA). The 95% LoA are calculated as the mean difference Ϯ 1.96 times the SD of the difference. The breadth of the LoA indicates the repeatability of the technique; the narrower the LoA, the more repeatable is the technique. The mean difference represents the bias between the two sessions. The validity of the ASR compared with the DR was determined in a similar fashion. The difference between the two values was calculated for each subject. Then the distribution of these differences was described by calculating the mean, the SD, and the 95% LoA. Statistical significance was determined using a two-tailed paired t-test and Levine's test of equality of variance.
RESULTS Repeatability
The repeatability of spherical equivalent for ASR and DR is shown in Figs. 1 and 2, respectively. Data are shown for the right eye only, because data for left eye were similar. The data for the clinician (DR) have a narrower distribution, indicating better repeatability than those for ASR. Summary data for repeatability of spherical equivalent, J 0 , and J 45 , are shown in Table 1 . A positive mean indicates a more positive value on the second visit, whereas the SD of the differences (shown in parentheses) and the 95% LoA reflect the repeatability. The mean values are almost all less than 0.05 D and not significantly different from zero. This indicates no bias between refractions from the two visits. The 95% LoA, however, are generally lower for DR and AOR than for ASR, especially for the spherical equivalent. This confirms the noticeably broader distribution of the data points for ASR repeatability (Fig. 1 ) compared with DR repeatability (Fig. 2) . For spherical equivalent, ASR repeatability was significantly poorer than the AOR repeatability (Levene's test of equality of variance, 15 p Ͻ 0.05) and DR repeatability (p Ͻ 0.001) for each eye. Although the AOR repeatability was better than the DR repeatability for the right eye, the difference did not quite reach statistical significance (p ϭ 0.059).
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Repeatability was also assessed for the individual doctors by calculating values for the subsets of subjects examined by the same doctor on both visits (17 for Dr. A and 20 for Dr. B). The data are shown in Table 2 . The mean within-doctor difference between visits 1 and 2 was 0.03 D or less for all refractive measures, indicating no significant within-doctor bias between sessions. The 95% LoA for spherical equivalent were nearly identical for the two doctors, indicating no difference in repeatability between the two doctors. Repeatability was also assessed for the 23 subjects examined by a different doctor on each visit (Dr. Mix). To show bias by one doctor compared with the other, Dr. Mix differences were always calculated as Dr. A Ϫ Dr. B, regardless of the clinician who performed the first visit. As might be expected, the 95% LoA were slightly broader and indicated slightly poorer between-doctor repeatability compared with within-doctor repeatability. The mean values in Table 2 show a significant difference in spherical equivalent of Ϫ0.12 D (t ϭ 2.74, p ϭ 0.01, paired t-test) for the left eye but not for the right eye (mean, Ϫ0.07 D, t ϭ 1.12, p ϭ 0.30). This indicates that, on average, Dr. A had a tendency to refract approximately 0.10 D more minus than Dr. B.
Validity
One method of assessing the validity of the BV-1000 is to compare the AORs and ASRs with the DRs. This was assessed by calculating the difference between the BV-1000 refraction and the doctor refraction (ASR Ϫ DR and AOR Ϫ DR). Figs. 3 and 4 show the validity of the ASR spherical equivalent on visit 1 for the right and left eyes, respectively. The right eye ASR data are shifted upward approximately ϩ0.25 D, indicating that the ASR is, on average, 0.25 D more plus than the DR. No such bias was observed for the left eye results. Data from the second visit showed similar trends.
A summary of the validity data for ASR and AOR and for both visits is shown in Table 3 . Consistent with the data in Figs. 3 
There also was a significant right eye AOR bias of ϩ0.21 D and ϩ0.14 D for the first and second visits, respectively (t Ͼ 3.6, p Ͻ 0.001 for both). For the left eye, the AOR was significantly more minus by 0.13 D on both visits (t Ͼ 2.9, p Ͻ 0.01 for both) compared with the DR; however, as reviewed above, the ASR for the left eye showed very little bias. No bias was found for any of the astigmatic components of the refraction.
Visual Acuity
Visual acuity with the ASRs and DRs was used as an impartial comparison of the validity of the two techniques. The mean visual acuity values for each prescription are shown in Table 4 . Values are shown for each eye and for each visit. The difference between the visual acuity scores (VAR) obtained with the ASRs and DRs are also shown in Table 4 . The visual acuity was significantly better with the DR than with the ASR for the right eye on both visits (t Ͼ 4.1, p Ͻ 0.001) and for the left eye on the first visit (t ϭ 2.91, p ϭ 0.004). However, there was no significant difference between the DR and the ASR for the left eye visual acuity on the second visit (t ϭ 0.48, p ϭ 0.65). The visual acuity difference for the right eye is consistent with the difference of ϩ0.25 D for the ASR right eye refraction because of the calibration error ( Table 3) .
The repeatability of the visual acuity was also assessed by determining the difference between the VAR scores for ASR and DR of each visit. The mean difference, the SD, and the 95% LoA are shown in Table 5 . The repeatability of visual acuity measurements is better with the doctor's prescription than with the prescription based on the ASR as shown by the narrower 95% LoA. Levine's test of equality of variance showed the difference to be significant for the right eye (p ϭ 0.003) and left eye (p Ͻ 0.001).
Binocular Balance
The balance between the two eyes was calculated as the difference in spherical equivalents between the right and left eye. This Repeatability of automated subjective refraction (ASR): right eye spherical equivalent. The shaded area represents the 95% limits of agreement, and the horizontal line represents the mean difference between visits, or bias.
FIGURE 2.
Repeatability of doctor refraction (DR): right eye spherical equivalent. The shaded area represents the 95% limits of agreement, and the horizontal line represents the mean difference between visits, or bias.
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was calculated separately for ASRs, DRs, and AORs. Mean and standard deviations of the balance are shown in Table 6 Table 3 ). The repeatability of the balance was then determined by calculating the difference between the balances measured on the two sessions. The resulting 95% LoA for ASR, DR, and AOR balance shown in Table 6 are remarkably similar, indicating similar repeatability of the balance with all three refraction methods.
DISCUSSION Repeatability
The repeatability of refraction is very important in clinical practice and research. An instrument should provide the same result, within fairly narrow limits, on retesting. The repeatability of AOR Values represent the mean (Ϯ SD) differences between visit 1 and 2. The 95% limits of agreement for the sphere are also shown. All values are diopters.
ASR, automated subjective refraction; DR, doctor subjective refraction; AOR, automated objective refraction. Values represent the mean (Ϯ SD) differences between visit 1 and 2 for subjects examined twice by the same doctor and those examined by different doctors at the two visits (Dr Mix). The 95% limits of agreement for the sphere are also shown. All values are diopters.
FIGURE 3.
Validity of automated subjective refraction (ASR): right eye spherical equivalent on visit 1. The shaded area represents the 95% limits of agreement, and the horizontal line represents the mean difference between automated subjective refraction and doctor refraction, or bias.
FIGURE 4.
Validity of automated subjective refraction (ASR): left eye spherical equivalent on visit 1. The shaded area represents the 95% limits of agreement, and the horizontal line represents the mean difference between automated subjective refraction and doctor refraction, or bias.
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with the BV-1000 was very similar to that of the DR. This supports the results of previous studies that have found that the repeatability of AOR is equal to or superior to that of DR. [5] [6] [7] [8] [9] Although the DR and AOR had similar 95% LoA of approximately Ϯ 0.50 D, the ASR had a larger 95% LoA of approximately Ϯ 0.75 D (Table 1) . Therefore, the ASR was not as repeatable as the DR or AOR.
The repeatability of refraction by the two individual doctors ( Table 2 ) was similar. Dr. B had more repeatable cylinder mea- Values represent the mean (Ϯ SD) differences between the BV-1000 and the doctor refraction of each visit and for each eye. All values are diopters.
a bias is significant, P Ͻ 0.05. ASR, automated subjective refraction; AOR, automated objective refraction. a difference is significant, P Ͻ 0.05. Data are shown for ASR (automated subjective refraction) and DR (doctor subjective refraction) prescriptions, for each eye and for each study visit. The repeatability of refraction the visual acuity is also shown. Values represent the mean (Ϯ SD) differences between visit 1 and 2. The 95% limits of agreement for the sphere are also shown. All values are diopters. sures. The repeatability of refractions measured by the same doctor on both visits was slightly better than the repeatability of refractions measured by different doctors for the right eye. The withindoctor repeatability and the between-doctor repeatability are similar for the left eye, but not for the right eye. For subjects examined once each by the two doctors (Dr. Mix), Dr. A refracted about 0.10 D more minus than did Dr. B. A similar finding was reported by Bullimore et al., 10 who found one of their clinicians refracted, on average, 0.12 D more minus than the other. The potential for between-clinician differences emphasizes the value of objective techniques in studies of refractive error.
Validity
There was a calibration (offset) error of approximately 0.25 D in the right eye path of the instrument (Table 3 and Fig. 3 ). This affected the ASR and AOR of the right eye by yielding refractions that were approximately ϩ0.25 D higher than the DR. The calibration error was confirmed during a poststudy service visit by a Topcon technician. No significant bias was observed for the cylinder findings (J 0 and J 45 in Table 3 ). Once the calibration error in the right eye is accounted for, the mean spherical equivalent of both eyes of the ASR are similar to the refractions of the DR. A noteworthy observation is that the left AOR was different than the DR on each visit, but the ASR was not. This means that the ASR improved on the AOR for a resultant refraction closer to that of the DR. With proper calibration, the BV-1000 ASR would, on average, yield similar refractions, in both the right and left eyes, to those found by a clinician.
Visual Acuity
Visual acuity was measured with the ASRs and DRs, enabling a comparison of their validity without the assumption that the doctor is correct. For both eyes and for both visits, visual acuity with the DR was better than that with the ASR refraction. The difference was statistically significant for all visits and conditions, except for the left eye on the second visit (Table 4) . Visual acuity with the DR was, on average, 3.4 letters better for the right eye. This is mainly attributable to the instrument calibration error for this eye. For the left eye, the difference is smaller, averaging 1.2 letters for the two visits. This small difference corresponds to a fraction of a line and would probably not be clinically meaningful in daily patient care, given the SD of visual acuity measurement.
The repeatability of visual acuity with the DR was also better than with the ASR. The 95% LoA for visual acuity with the ASR were approximately Ϯ 2 lines (10 letters) whereas they were approximately Ϯ 1.5 lines (7 letters) with the DR (Table 5 ). The narrower range of the DR indicates a more repeatable visual acuity, but again the difference is small and may not be clinically meaningful.
A doctor performing a refraction can adjust for various aspects of human behavior. For example, although many of a patient's responses during the examination may be yes or no and 1 or 2, the clinician can listen to the speed and confidence with which the patient responds. If a patient seems uncertain, the clinician can repeat any number of the steps. The simple rules that make up the science of refraction are relatively easy to incorporate into a device such as the BV-1000. In contrast, the information that is gleaned from the nature of the patient's response and is integrated into the clinician's art of refraction would be significantly more difficult to incorporate into an automated testing device.
Balance
The balance of the BV-1000 refraction was very similar to that of a doctor's refraction. The summary findings in Table 6 show that the repeatability of the balance was similar for ASR, AOR, and DR. The mean differences show that the automated balances are approximately ϩ0.25 D different from doctor balances, consistent with and because of the earlier noted ϩ0.25 D instrument offset (calibration error) in the right eye.
CONCLUSIONS
The results indicate that DRs are more valid and repeatable than the ASR performed by the BV-1000, although the differences are small. The particular unit tested in this study had a calibration error of ϩ0.25 D for the right eye. This error was easily corrected, and with proper calibration, the BV-1000 can, on average, provide the same refractive results as DR. For the left eye, which was properly calibrated, the difference in visual acuity between the DR and ASR prescriptions was small (1.2 letters) and would likely not be noticeable in clinical practice.
In evaluating instrument performance, however, repeatability may be more important. For the left (properly calibrated) eye, the DR had a narrower 95% LoA range than ASR (about Ϯ 0.50 D compared with Ϯ 0.75 D) and a narrower LoA for visual acuity measurements (about Ϯ 1.5 acuity lines compared with Ϯ 2.0 acuity lines). These LoA differences might be noticeable in a clinical setting.
In this study, the DR and ASR started with the AOR measurements of the BV-1000. It is uncertain whether the ASR refraction was any better than the AOR refraction (i.e., whether the ASR improved on the AOR). AOR repeatability does not differ from doctor repeatability but the ASR is not as repeatable. Nonetheless, the data shown in Table 3 indicate that for the left eye (i.e., the one for which there was not a calibration error), the ASR was more valid than the AOR. This study did not include visual acuity measurements with the AO; hence, data are not available to compare the validity of ASR and AOR using visual acuity.
